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Abstract 
 This thesis investigates errors on speech sounds (or phonemes) produced in laboratory speech 
stimuli designed to generate phonological onset errors.  The present study adds to the literature on 
phonological speech errors with an instrumental analysis of tongue posture during speech error 
production and an investigation of the nature of speech errors as unintended variation in articulation.   
 This study utilized ultrasound instrumentation to visualize speech errors made on velar and 
alveolar stop consonants at the point of stop closure.  Two types of errors were of interest, categorical 
errors and gradient errors.  Categorical errors are those that are heard by the listener and instrumentally 
appear to be a correct production of an incorrect target.  Gradient errors are those that are usually heard to 
be the correct target, but on instrumental examination display characteristics of an incorrect production.  
Six participants repeated eight tongue twisters in both a baseline and an experimental condition.  This 
study was interested in errors produced on the onset stop consonant pairs /t, d/ and /k, g/.  Recordings 
were transcribed to determine the perceptual identity of each target.  Ultrasound videos were then 
analyzed and an individual frame representing the articulatory posture for each closure was extracted. 
These frames were fit with a smoothing spline curve using Edgetrak software.  A curve-to-curve analysis 
based on the methods of Zharkova (2009) was conducted as a means of further investigating variation in 
individual speakers as well as providing a quantitative measure of errors.      
 Results from the six speakers showed that all produced both categorical and gradient errors.  The 
speakers showed individual variation in the stability of their productions and overall rate of errors.  There 
was an observable trend for speakers who were more stable in their baseline productions to produce fewer 
errors, both gradient and categorical, in the experimental portion.  Conversely, those speakers who 
exhibited more variation in their baseline productions had a higher rate of error under the experimental 
condition.
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1.0 Introduction 
Phonological errors in speech occur in a variety of contexts and have been found in different 
languages.  A fairly well known example of such an error is the Spoonerism.  Spoonerisms as defined by 
The New Dictionary of Cultural Literacy (2002) are reversals of sounds in two words, to humorous effect 
such as in “May I show you to another seat?” becoming “May I sew you to another sheet?”  While 
Spoonerisms may be intentional word play, studies of both natural and laboratory-induced speech errors 
find that such sound reversals are commonly occurring (Mackay, 1970). However, systematic study of 
speech errors has many challenges. Phonological speech errors can be defined in reference to how the 
intended sound is realized, or how a listener perceives it. Most speech error studies in the literature are 
based on phonetic transcription, and so are grounded in listener perception.   In one of the first 
articulatory studies, Mowrey & MacKay (1990) define a production as erroneous if the output differed 
from that which the speaker intended, however subtly, and no matter its effect upon perception. This 
dichotomy in approaches to the study of errors can be broadly captured by looking for errors that are 
either categorical (differing in perception and production such that it appears the wrong sound has been 
produced) or gradient (containing a measurable difference that does not necessarily affect perception). 
The study of speech errors can be extended to a further area of interest in speech research; Stability.  The 
stability of groups of speakers has been examined as a function of maturity or age (Nittrouer, 1993, Smith 
& Goffman, 1998).  It has also been investigated in relation to a specific populations, such as Stuttering 
(Frisch, Maxfield, & Belmont, 2016).  Distance quantification measures have been developed for the 
investigation of speech stability trends (Zharkova & Hewlett, 2009).  However, there is not a strong body 
of research investigating the importance of stability at the level of an individual speaker.  There is also a 
lack of investigation into how the stability of an individual might be influenced by the production of 
speech errors.     
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1.1 Speech Sound Errors  
1.1.1 Common error patterns. Phonological speech errors appear to follow common patterns 
within syllables.  Syllables consist of an onset, and a rime, and the rime consists of a nucleus and a coda. 
One such pattern of error is that initial (onset) consonants are more likely to be involved in sound errors 
than are any other parts of a syllable or word (Dell, Juliano, & Govindjee, 1993).  For example, “a bee 
wit” is produced for the intended phrase “a wee bit” (Shattuck-Hufnagel, 1987, p. 30)  A standard 
explanation for the prevalence of onset speech errors is that onset consonants are structurally distinct, and 
in the first level of syllable organization are separate from the rest of the syllable (Dell et al., 1993). 
Mackay (1970) and Shattuck-Hufnagel (1987) discuss the predominance of errors in word-onset position.  
Shattuck-Hufnagel (1987) closely examined word-onset consonants in speech errors.  The types of errors 
noted in this study suggested that word-onset consonants are more likely to be involved in an error of 
interaction between two targets than an error of non-interaction where the target is exchanged for a 
phoneme that is not part of the plan in the utterance (Shattuck-Hufnagel, 1987).  To illustrate, an 
interaction error such as “a lung – a young lady” is more likely to occur than an non-interaction error such 
as “the inflation wate (rate)” (Shattuck-Hufnagel, 1987, p. 30).  This study also noted differences in errors 
produced in tongue twisters as sentences and tongue twisters as lists (Shattuck-Hufnagel, 1987).  
Shattuck-Hufnagel (1987) noted that word-onset errors occurred more often in phrase form tongue 
twisters and only in list form did the incidence of other word errors rise to nearly the same level as word-
onset errors.        
 Another such pattern was discussed by Mackay (1970), who studied the nature of errors found 
across Spoonerisms.  Consonant errors were likely be similar to their targets (the phoneme the speaker 
intends to produce) in terms of openness - the amount of constriction along the vocal tract - or, in voicing, 
and nasality (MacKay 1970). For example, stops replaced stops and fricatives replaced fricatives.  
However, it was not very likely that these errors were be similar in their place of articulation (Mackay 
1970). In fact, Mackay (1970) found that front and back consonants were more frequently interchanged 
with each other than with consonants having other places of articulation.  An example of this would be a 
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velar /k/ replacing an alveolar /t/.  MacKay (1970) also found that reversed consonants occurred most 
commonly in the same syllabic positions.  For example, an onset consonant replaced another onset 
consonant, instead of a coda consonant replacing an onset consonant.  Based on these established patterns, 
the interaction between initial consonants varying by place of articulation are of the most interest to the 
present study.     
        
1.1.2. Speech error elicitation. Historically, speech errors were studied primarily from corpora 
that were developed by transcribing casually observed errors.  For example, Stemberger (1991) carefully 
monitored everyday speech over a seven year period, with the investigator recording observed speech 
errors along with the identity of the speaker producing each error and the date observed.  In this case, 
errors were collected only when the investigator could spare enough attention to the task and had made a 
conscious decision to monitor for errors in that situation (Stemberger, 1991).  The contributions to the 
study of speech errors through this system of collection has been great.  However, the method has 
inherent problems as outlined by Fromkin (1971) and Cutler (1981).  A listener may transcribe something 
incorrectly, as certain classes of errors are more detectible than others. In addition, errors are often 
recorded after the fact, and audio-visual recordings do not necessarily exist for validation by more than 
the original observer.  There is also often lack of consistency across settings where the errors are heard 
and the individuals transcribing them (Fromkin, 1971).  This also means that in order to compile a 
collection of errors to analyze, researchers have to forgo listening to the content of what they hear in order 
to gain information concerning errors (Cutler, 1981).  Despite the flaws in this system of recording and 
analyzing errors, many of the error patterns described above were initially identified through analysis of 
spontaneous speech errors.   As more sophisticated methods of analysis were available these patterns were 
verified through instrumental investigations of laboratory induced errors that could be instrumentally 
observed.  
Currently, two of the most widely used methods of Speech Error elicitation are the SLIPS 
procedure (Baars, Motley, and MacKay 1975) and repetition of tongue twisters (Shattuck-Hufnagel, 
4 
 
1992).  Tongue twister elicitation methods are described by Goldrick and Blumstein (2006, pp 652) as 
“…repeating a sequence of syllables at a rate faster than normal speech.  Often, the syllables to be 
repeated contain similar sounds in similar prosodic/word positions to induce higher rates of errors.”  As 
such, tongue twisters allow the experimenter to create the potential for errors of interest specific to the 
experiment.  Mowrey and MacKay (1990) used tongue twisters that were grammatically correct sentences 
made of real English words and proper nouns that conveyed context.  Their purpose was to create speech 
errors that could be examined on the muscular level to determine differences between instrumental 
analysis and traditional transcription of speech errors. Mowrey and MacKay (1990) found many 
productions with unexpected muscle activation that they considered to be gradient speech errors.  
Shattuck-Hufnagel (1992) examined the effects of syllabic position on speech errors using tongue 
twisters.  In these experiments, the targets were largely real words arranged into list form, grammatically 
correct sentences that did not convey contextual or semantic meaning, and a non-word portion.  Her 
experiments involved monosyllabic and bisyllabic arrangements.  The results of her study determined that 
the errors produced via tongue twister elicitation were of the same overall varieties and distributions as 
those that occur in natural speech (Shattuck-Hufnagel, 1992).     
  The studies of Frisch and Wright (2002), Goldrick and Blumstein (2006), McMillian and Corley 
(2010) also used tongue twister stimuli to examine acoustic cues for voicing contrasts in speech errors 
involving word-onset consonants.  In these examples, the target words were provided as a list and targets 
were often monosyllabic non-words.  Stearns (2006) used tongue twisters to analyze gradient and 
categorical speech errors through ultrasound.  These tongue twisters were lists of nonsense syllables and 
monosyllabic words. All of these instrumental studies found both categorical errors, where apparently 
incorrect speech sounds were produced in a normal manner, as well as measurable disturbances in speech 
that were abnormal but resulted in no perceptual effects.  
The SLIPS procedure, as described by Baars et al (1975), elicits phonological speech errors by 
showing participants pairs of priming words to read silently then presenting a target word pair to be 
articulated.  The priming word pairs are designed to elicit a specific slip of the tongue by presenting a 
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specific phonological sequence several times.  The articulation signal prompts the participant to say the 
most recently shown word pair aloud. The target word pair contains a sound reversal from what was 
presented in the priming pairs.  Articulating the target after the priming words are shown increases the 
rate of error elicitation.  An example given in Baars et al (1975) is of an exchange error that might be 
expected following priming words that contained an initial /g/ phoneme on the first word (e.g. good boy, 
great book, get back).  The participants are then asked to articulate a target such as bad goof.  The 
expected error in this situation would be articulated as gad boof.   
Pouplier (2007) implemented the SLIPS procedure in her experimental design because of its 
potential to create more naturalistic errors than tongue twisters.  Errors elicited via the SLIPS procedure 
were also supposed to originate at the phonological processing level rather than an articulatory 
implementation level.  However, the conclusions drawn by Pouplier (2007) determined that errors elicited 
within the SLIPS technique are comparable to those produced by tongue twister elicitation.   
The present study elicited errors using tongue twisters.  The twisters in this study had specific 
focus on the stop consonant pairs /t, d/ and /k, g/ in the word-onset position.  These pairs are identical in 
terms of manner of articulation with differences of placement. The use of a place contrast should result in 
relatively high error rates (MacKay, 1970) that is imageable with ultrasound (Stearns, 2006; Frisch, 
2007). Our tongue twisters followed the method of Stearns (2006), and all items in the present study were 
presented as lists of monosyllabic words.      
 
1.2 Speech Error Instrumentation 
 In addition to different methods of eliciting speech errors, different approaches have been utilized 
to measure and quantify speech error phenomena.  Various methods have allowed investigators to 
examine distinct types of errors and the ways in which they differ from typical productions.  The most 
common method has relied solely on listener perceptions.  Recently studies have challenged this data 
collection procedure and demonstrated the contribution of more in depth analysis through different 
technological means.  Mowrey & MacKay (1990) is one of these studies.  They challenged the 
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characterization of speech error data as phonemic through the use of electromyographic examination of 
muscle contraction during tongue twister productions.  The study concluded that traditional methods of 
speech error collection and processing were flawed because as a subject listened to the presented stimuli 
s/he might internally and unintentionally normalize what was heard to either match the target or to match 
a phoneme combination that was permissible in the language (Mowrey & MacKay, 1990).  They also 
found that, if it was possible for the listener to be distracted by content, then finer phonetic errors would 
slip by unnoticed (Mowrey & MacKay, 1990).  The final conclusion that Mowrey & MacKay (1990) 
present is that there are some errors that transcend the current system of recording.  They said that certain 
combinations did appear that were outside of the realm of transcription using the accepted alphabetically 
based systems (Mowrey & MacKay 1990).  These conclusions demonstrate the necessity of examining 
speech errors at both the perceptual and instrumental level.        
 To further investigate the limitations of perceptual coding of speech errors, Frisch and Wright 
(2002) examined experimentally created speech errors through acoustic measures.  They compared 
perception from careful listening to measures of the acoustic waveform (Frisch & Wright, 2002).  
Looking at duration, amplitude, and percent of voicing they examined errors produced between fricatives 
/s/ and /z/.    With traditional methods of transcription to identify errors, /s/ was perceived to be in error 
more frequently than /z/, which is the opposite of what is expected based on frequency of occurrence 
(Stemberger, 1991).  But when examined acoustically, there was a higher incidence of errors on /z/ that 
went unnoticed by the listener (Frisch & Wright, 2002).  In other words, acoustically identified errors 
from this study followed established patterns of error production, such that the error will likely move 
from the sound with a lower frequency of occurrence towards the sound with a higher frequency of 
occurrence.  Based on the three acoustic cues examined to determine errors, Frisch & Wright (2002) 
found evidence for errors that could be identified as gradient (intermediate between categories) or 
categorical (fully representative of the opposite voicing category).  Conclusions from this study supported 
previous claims by Mowrey & MacKay (1990).  Frisch and Wright (2002) show that the numbers of 
errors detectable using acoustic analysis and the number of errors found through transcription showed a 
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discrepancy: There were errors that were grammatically impermissible in English productions, and errors 
that did not fit into the system of transcription that is available. 
Pouplier & Goldstein (2005) also addressed the discrepancies between what is produced and what 
is perceived using instrumental measures of errors.  Their study was based on data collected from an 
electromagnetic midsagittal articulometer (EMMA), which tracks the electromagnetic signature of pellets 
attached to the articulators (Pouplier & Goldstein 2005).  The errors analyzed in this study demonstrated 
that less frequent elements are usually replaced by more frequent elements, but that there appears to be a 
special shift in the case of /k/ and /t/.  In English, /t/ is a more frequently occurring phoneme than /k/, but 
based on the errors analyzed, /k/ is more likely to replace /t/ than vice versa (Pouplier & Goldstein 2005).  
Pouplier & Goldstein (2005) also explain that both /t/ and /k/, when produced in the same utterance, show 
significant amounts of gradient intrusion.  The tongue tip will become raised during the production of the 
velar consonant /k/, while the tongue body rises uncharacteristically during the production of /t/ (Pouplier 
& Goldstein, 2005).  Pouplier & Goldstein (2005) went on to say that listener perceptions of /t/ were more 
likely to be affected by this carryover of articulator position than were perceptions of /k/.  These findings 
suggest a need to expand on the recording and analysis of speech errors.  To have one type of error more 
perceivable than another would mean that there is quite likely a disparity running through traditional error 
analysis (Pouplier & Goldstein, 2005).            
A further examination of speech errors using instrumentation was conducted by McMillan & 
Corley (2010) examined the production of speech errors in tongue twister tasks using electropalatography, 
ultrasound recording, and duration measures.  This was relevant to the examination of errors based on 
both place of articulation and voicing.  They determined that there was greater variation in the articulation 
of a phoneme when it differed from its competitor by only one feature, and less variation if a phoneme 
and its competitor differed by two features.  Their findings supported previously reported influence of 
similarity on speech error phenomena across a variety of modern experimental contexts (McMillian et al., 
2010).            
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Finally, Stearns (2006) had naïve listeners transcribe tongue twister productions with either velar 
or alveolar stop consonant onset targets.  The listener’s perceptual categorization of errors were related to 
the observed production of speech errors in ultrasound video based on measures of tongue dorsum height 
(indicative of a /k/ or /g/) and the elevation angle of the tongue tip (indicative of a /t/ or /d/).  Stearns 
initially established baseline measures for each target and compared those with regular and irregular 
articulations (2006).  This was to determine errors as gradient (articulation between targets) or categorical 
(full articulation of opposite target).  The study expected differences in perception between errors labeled 
as categorical or gradient but very little variation in perception was found (Stearns, 2006).  Stearns (2006) 
examined errors from four participants and observed that the sounds were heard on the basis of the closest 
typical sound.  The current study extends upon the articulatory analysis reported in Stearns (2006) with a 
larger study of experimentally elicited speech errors analyzed and quantified using ultrasound imaging.  
Additionally, the current study employs a distance measure as a means to relate speech error production 
to individual speaker stability as a further component. 
 
1.3 Speech Stability and Variation  
1.3.1 Speech stability in group studies  This study aims to investigate the articulatory stability of 
adult speakers and identify the individual stability patterns that emerge.  Previous work has examined 
stability almost exclusively within groups (Nittrouer, 1993; Perkell & Nelson 1985; Sharkey & Folkins, 
1985; Smith & Goffman, 1998).  Most commonly, stability and variation questions arise in the context of 
mature adult articulation patterns and the emerging stability in groups of children (Koenig, Lucero, & 
Perlman, 2008; Munson, 2004; Zharkova, Hewlett, & Hardcastle, 2011; 2012).  Various methods have 
been used to measure speech stability in the context of mature adults and developing children.  These 
methods have included the oral-airflow measures (Koenig et al., 2008), spectral analysis of the speech 
signal (Munson, 2004), acoustic duration (Nittrouer, 1993), ultrasound (Zharkova et al., 2011; 2012), 
measures of lip and jaw opening (Sharkey & Folkins, 1985), Optotrak (Smith & Goffman, 1998), X-Ray 
Microbeam and acoustic analysis (Perkell & Nelson 1985).  Results of these studies have been convergent 
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on the matter of children having more variation in their productions than adults.  In the case of clinical 
populations, group differences may be found, but individual differences are likely to be clinically 
relevant. For example, Smith, Goffman, Zelaznik, Ying, and McGillem (1995) reported spatio-temporal 
indices of stability for adults in reference to lip movement and speech rate in order to understand how 
variation in speech may impact stuttering. 
 
1.3.2 Speech stability and individual differences Some of the previously mentioned studies 
(Koenig et. al., 2008; Munson 2004) have alluded to the question of interest to this study: are there 
individual differences within groups, even groups of typical adults, that affect performance in a speech 
production task? For example, Zharkova et al. (2012) were interested in whether /s/- vowel productions 
have more variation at the temporal midpoint in children than adults.   They determined that individual 
differences within groups accounted for up to 25% of the variation in their data.  This generates the 
possibility that group trends could not necessarily be applied to patterns of an individual speaker 
(Zharkova et al., 2012).  Koenig (2008) observed differences in within speaker variability based on the 
elicitation context universally over the populations.  This indicates that individual patterns of speaker 
stability exist beyond the groupings of “child” vs “adult” stability.  Many studies mentioned above 
examined stability in exclusively fluent, error-free contexts.  Specifically, Smith and Goffman (1998) 
excluded productions that were disfluent, contained a speech error, or had unnatural prosodic elements.  
They used listening as a technique to determine correctness for inclusion in the study.  A problem, 
however, is that measures of stability could have been affected by the rate of occurrence of errors that 
were not perceived.  Similarly stability measures could have varied if perceived errors had been included 
in analysis.  In addition, these studies often examined the variations of productions of the same sound or 
syllable sequence repeated immediately one after another (Sharkey & Folkins, 1985; Smith & Goffman, 
1998; Zharkova et al., 2011;2012).  This indicates that high stability measures for adults should result 
from the method following Smith and Goffman’s (1998) suggestion that adults are very stable when the 
task goals are consistent.  These methods beg the question of stability in a speaker who is producing 
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errors, such as either adults or children would do in natural speech.  In the current study, the individual 
nature of a speaker’s stability is examined in its relation to error free productions as well as the 
categorical and gradient speech errors that the speaker produces.   Due to the nature of previous 
investigations, not much information about individual patterns of stability has been determined.  Rather, 
previous research highlights the lack of investigation into individual stability patterns of typical speakers 
to account for variations.   
 
1.3.3 Speech stability and speech errors This study explores the relationship between speech 
stability and the production of speech errors produced within individuals.  In determining how these two 
processes may be connected in theory of speech production, two models are discussed.   These models 
account for the occurrence of the categorical and gradient errors of interest to the present study.  Dell 
(1986) posits a theory of spreading activation of sentence production that focuses on how a speech error 
may occur at the phonological encoding stage.  In his model of spreading activation between nodes 
representing phonological units, a target for production is selected then filled in, following a slots-and-
fillers model (Shattuck-Hufnagel, 1985). A random introductory level of activation is assigned to the 
desired target that is initially higher than the activation levels assigned to competitors.  Processing can be 
hypothesized to begin on a semantic and syntactic level, where the activation first leads to selection of the 
correct type of word (syntactic) and the word with the most relevant meaning (semantic).  Dell calls the 
element that is receiving activation at any given time the “current node” (1986, p.288).    His theory 
suggests that when a specific target is in the selection stage it receives an amount of activation from each 
level above and below it.  Activation in Dell’s model is influenced by both feedforward and feedback 
processes which can influence the likelihood of a correct target being selected and eventually produced 
(Dell, 1986).  In Dell’s model (1986) target selection is also dependent on the amount of time allowed for 
processing.  Activation should initially spread downward   (lexical to morphological to phonological).  At 
any one node, the unit with the highest level of activation is chosen, encoded, and the sentence production 
process continues building on that selection.  Dell’s model accounts for the majority of speech errors 
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observed in natural corpora and laboratory collected samples (Dell, 1986). Dell’s model provides a good 
account of categorical speech errors and the theory, at least, could be extended to include individual 
components of gestures for a speech sound, allowing for gradient errors as well.    
In this model, Dell suggests that all speakers have an element of “noise” in their production 
system that makes the process non-deterministic.  Phonological encoding in his theory is a process that 
occurs simultaneously with a myriad of other linguistic processes that result in “linguistic background 
noise” and act as a source of variability in activation level. While Dell’s original model does not consider 
individual differences, it is possible that different speakers have different inherent levels of noise. The 
concept of “noise” that exists in an individual’s system could be related to individual patterns of variation 
in speech production and error rates that are observed.  An individual with more noise could be expected 
to display a greater amount of variation in their productions and a number of speech errors due to the 
individual fluctuations in activation levels at a target node during the production process.  An individual 
with less noise might have more stable productions and a lower rate of errors due to less inherent 
variability.      
Another theory of speech production that relates to the errors observed and reported upon in this 
study is Cascading Activation (Goldrick & Bloomstein, 2006).  Unlike Dell’s theory (1986), Cascading 
activation is a model based on feedforward processes alone that accounts for the gradient errors in which 
this study is interested.  In Cascading Activation, a production is the result of a feedforward selection that 
adds activation to each subsequent level of encoding until the most activation arrives at the (hopefully) 
intended target and that target is produced.  Since there is no feedback involved, once a mistaken 
activation occurs a check does not keep that item from being produced.  In the case of gradient errors, 
what is observed is that initial activation of the correct target still carries some activation forward to the 
articulatory realization of the unintended phoneme.  Goldrick and Blumstein (2006) refer to the result as a 
“blend of the error and a trace of the intended target” (p.652).  Goldrick and Blumstein (2006) addressed 
variations in productions from their speakers as the potential result of using tongue twister elicitation.  
The results of their study indicated that it is unlikely for variation to be influenced by environment (i.e. 
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natural vs tongue twister) (Goldrick & Blumstein, 2006).   From this, the current study can expect that 
variations observed in speaker stability will be due to some inherent quality of the speaker and not the 
result of the nature of the task.      
 
1.3.4 Speech stability from a measure of coarticulation In order to examine variations in 
individual speaker stability, a quantitative analysis method must be employed.  In the present study, 
measurements taken from ultrasound images were analyzed using a curve-to-curve distance method 
developed by Zharkova & Hewlett (2009).  This method takes two curves and each point on the first 
curve is measured against its nearest neighbor on the second curve.  The mean of all the distances 
calculated can be used to represent the overall distance between the curves.  Zharkova & Hewlett (2009) 
measured the distances between curves in the same consonant-vowel contexts and curves in different 
consonant-vowel contexts in a study of coarticulatory influence.  They found this to be a reliable measure 
of an individual’s productions.  This measure has been a useful tool for investigating the developmental 
progression of coarticulatory processes in a number of studies (Zharkova & Hewlett, 2009; Zharkova, 
Hewlett, & Hardcastle, 2011; 2012). 
In Zharkova’s previous work, curve-to-curve distance within a category was used as a baseline to 
establish articulatory variability. However, this measure of within category stability may be useful in and 
of itself. An individual measure of stability in articulation can be obtained using the average of an 
individual’s average distance between all of a speaker’s productions within each context.  Those 
individuals showing a smaller distance overall between their various productions are considered to be 
more stable, while those with larger distances in their placements for overall production are considered to 
be less stable speakers.  Frisch, Maxfield, & Belmont (2016) found that this measure of within category 
stability differentiated typically fluent adults from adults who stutter, and that a subset of the adults with 
stuttering showed instability in their fluent speech that was well outside the range of normal variability.  
This quantitative analysis can also provide a measure for the distinctions between categorical or 
gradient errors.  Categorical errors are likely to be closer in the distance measure to productions of the 
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wrong segment, while gradient errors may deviate from the target production, but are not likely to be 
more similar to the wrong segment than they are to the intended target (Frisch, 2007).     
 
1.4 Aims and Hypotheses 
The purpose of the current study is to expand upon the existing body of speech error research.  It 
expects to replicate existing studies of observances in categorical and gradient errors and aims to examine 
these errors in the context of individual speakers (Frisch & Wright, 2002; Stearns, 2006; Pouplier & 
Goldstein, 2005).  It expects to find categorical and gradient errors in each speaker that are comparable to 
those that have been observed through other analysis techniques.    
This study also aims to expand upon previous investigations of stability.  It aims to examine 
errors similar to those observed by Stearns (2006) employing the analysis method of Zharkova (2012).   It 
expects to find that speakers who display a greater amount of articulatory variation in baseline conditions 
(non-error eliciting contexts) also display greater variation in their twister productions (error-eliciting 
contexts).   
The final purpose of this study is to connect individual speaker stability and their speech error 
production to a model of speech production, such as proposed by Dell (1986).  It expects to find that 
articulatory variation (speech stability) in a speaker is related to their rate of error production for both 
gradient and categorical errors reflecting individual differences in “noise” in the activation of their 
articulatory processes.     
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2.0 Methods 
In this project, ultrasound video of the tongue was used to record productions and analyze them 
for errors.  Historically, methods for recording and analyzing the activity behind speech have included x-
ray microbeam, electromagnetic midsagittal articulometry, electromyography, and electropalatography 
(Davidson, 2005).  Ultrasound has come into popular use because it is relatively inexpensive and does not 
require drastic individualization to the speaker (Davidson, 2005). It is also non-invasive and does not 
expose the speaker to potentially harmful elements, as is the case with x-rays (Gick, 2002). Ultrasound is 
especially suited for research on tongue shape and position as a whole.  It can yield both coronal and 
sagittal views of the tongue, depending on placement, and can be positioned to show posterior parts of the 
vocal tract that are not readily accessible (Gick, 2002).  The images of the oral cavity created by 
ultrasound are only of the soft tissue; this being primarily the tongue from near the tip to the root in a 
midsagittal view when the probe is placed on the submental tissue beneath the mylohyoid muscle. Neither 
bone nor air is imaged by ultrasound; therefore, the hyoid, mandible, and sublingual cavity appear as 
shadows (Gick, 2002).   
 
2.1 Recording Procedure  
The data analyzed in this experiment were originally recorded as described in Stearns (2006).  The 
ultrasound video of speech production was collected using an Aloka SSD-1000 ultrasound machine with 
a 3.5 MHz convex probe.  The participants were seated in a wheel-less straight back chair with their backs 
against the back of their chair and their feet flat on the floor to reduce the possibility of perturbation of the 
recorded images.  The participants’ heads were stabilized through the use of a framework that relied on 
contact points at the forehead, left and right sides, and back of the head.  The support structure was such 
that, should the head move, the ultrasound probe would as well, maintaining a relatively fixed relationship 
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of the probe to the head.  The probe was positioned along the inferior midline of the participants’ 
mandibles pointing upwards towards the tongue.  A compressible ultrasound-transparent gel pad was used 
between the participant’s jaw and the ultrasound probe, allowing some freedom of movement to the jaw 
(Stearns, 2006).   
 
2.2 Stimuli 
The stimuli in this experiment were presented in two blocks of 8 stimuli using a total of 14 distinct 
words.  Each block contained 8 tongue twisters made up of four words, shown in Table 1.  Each tongue 
twister was repeated six times.  All the words used in this experiment were single syllable, with low 
vowels /ɑ/ or /æ/, a bilabial coda or no coda, and either alveolar /t, d/ or velar /k, g/ as the onset.  The first 
set of words was used to establish a baseline production of /t, d, k/ and /g/.  In this part, the four stimulus 
words had the same onset, either velar or alveolar; this was designed to provide a model of typical 
productions of each stop consonant.  The second set of words was arranged in order to create speech 
errors.  To achieve this each line was made up of alternating velar and alveolar onsets with the same 
vowel.  This design has been used in previous speech error studies with tongue twisters (Shattuck-
Hufnagel, 1992).   For the purpose of this experiment, the study is interested only in errors produced in 
the onset consonant, though errors elsewhere were occasionally observed.  
 
Table 1. Experiment Stimuli 
Part 1 Part 2 
tap top Tom Tab top cap cop tab 
gap gob gob gab gap Don dam gob 
cop cap cab com Tom cab com tap 
dam Don Don dab dab gob gab Don 
cap com cop cab Don gap gob dam 
gob gap gab gob cab Tom tap com 
top tab tap Tom gob dab Don gab 
Don dam dab Don cap top tab cop 
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2.3 Error Perception  
Existing data from six participants were analyzed for this experiment.  The talkers were de-identified 
and renamed by a numbered coding system (p6 through p11, as p1 through p5 have been analyzed 
elsewhere, Stearns, 2006; Frisch, 2007).  The recordings were transcribed separately by three different 
listeners using supra-aural headphones (the author, thesis supervisor, and a research assistant).  The 
stimuli were presented through Adobe Premiere Elements as video files of the ultrasound recordings.  The 
listeners could hear each trial an unlimited number of times.  These transcriptions were then compared to 
establish the perceptual identity of each onset consonant and to check for perceptual differences across 
listeners. Initial agreement in transcription of the identity of the onset consonant was greater than 99%. 
Final determination of transcription was made by the author.            
 
2.4 Articulatory Analysis  
Ultrasound video recordings were analyzed by identifying the point of maximal closure for each onset 
consonant and then creating a tongue contour trace for the tongue posture at that point following the 
procedures of Frisch & Wodzinski (2016).  Using Adobe Premiere 8, the researcher went through each 
video creating a freeze-frame image of each closure.  This was done by stepping frame-by-frame through 
the video and picking the frame that contained the clearest, most-raised velar or alveolar closure during 
the period of acoustic silence.  A velar production is evident when the tongue dorsum is elevated toward 
the palate and the blade of the tongue is generally angled downward.  When stepping through the video 
this closure is found by first following the elevation of the tongue body as it moves towards the palate.  
This is followed by identifying when the tongue body makes peak contact and its movement stops.  
Finally, the end of the closure gesture is indicated when the tongue begins to descend.  An alveolar 
closure is evident when the tongue tip is more forward and raised to make contact with the alveolar ridge 
and the tongue body is in an overall lower and flatter position.  As with velar closure, there is a 
turnaround in movement from raising to lowering.  Closure contact is also visible in the clarity and 
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relative smoothness of the image of the edge of the tongue at closure.  This difference in image clarity is 
more pronounced during closure due to the lack of movement.        
These closure images were then transferred into Edgetrak, a program for fitting curves to ultrasound 
images of the tongue based on gradient difference between light and dark in the image (Li, Kambhamettu 
& Stone, 2005).  In each image the upper edge of the tongue is bounded by a bright white line where the 
ultrasound beam reflects off the air in the oral cavity.  The tongue body beneath this delineation appears 
dark (Stone, 2005).  The curves generated in Edgetrak were based on a minimum of three hand placed 
markers.  These markers were placed at the extreme front and back edges of the tongue, and at any major 
inflection in curvature in the tongue edge between the two.  Each frame was individually examined and 
the curve was then output as a set of 100 (x,y) coordinates for visual and statistical analysis.   
Each contour was coded for experimental condition (Baseline or Twister), place of articulation of the 
target segment (velar or alveolar), the vowel context (/ɑ/ or /æ/), and the perception of the segment 
(Correct or Error). This code system allowed for ease of comparison and analysis of productions that 
resulted in perceptible errors and how the perceptible errors and correct perceptions compared to typical 
productions of the target, in both a non-error inducing context and in an error-inducing context.          
 
2.5 Visual and Statistical Analysis  
 These data were initially examined qualitatively.  Each tongue trace was graphed according to its 
condition as baseline or twister, its target onset /t, d/ or /k, g/ and vowel context /ɑ, æ/.  Graphs of each 
context were generated where correct productions were shown in black plots and perceived errors were 
plotted in red.  These graphs provide a way to visually identify perceptible errors, any abnormal 
productions that were not perceived as errors, and typical productions for the target in context.               
   Following visual analysis of the tongue traces, a quantitative analysis was applied to determine 
the distance between the curves both within and between categories.  Analysis of each Edgetrak curve 
was conducted to determine the minimum distance between a production and every other curve within its 
production category.  This was done within the baseline productions to render a measurement of baseline 
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stability for each speaker.  Within the twisters it provided measures of twister stability, and gradient and 
categorical (perceived) error rates for each context.    
 
2.6 Quantitative Analysis  
2.6.1 Curve-to-curve analysis In order to determine the average distance between a curve and 
the others within its context or in the opposite context, a curve to curve analysis was conducted.  Given a 
set of two curves, the mean curve-to-curve distance was determined using a point-to-point analysis.  Each 
point on Curve A was compared to every other point on Curve B.  The smallest distance value for each of 
the 100 points on Curve A was determined.  The mean of these 100 values was taken.  This value is the 
curve-to-curve distance between Curve A and Curve B.  This analysis method was derived from that 
described by Zharkova & Hewlett (2009).   
 Productions were compared based on the average curve-to-curve distance within their own 
category.  This value for comparison was the average of the average distance between all a speaker’s 
curves in one context. This average distance was taken from 48 values, since this was the target number 
of productions for each speaker at each place of articulation and vowel context.  For example, a 
production of /t/ from /tɑp/ in the twister context would be compared to all other /t, d/ [ɑ] twister 
productions for that speaker.  Average curve-to-curve distance to a production in the opposite place of 
articulation with the same vowel context was also computed.  For example, the same /t/ from /tɑp/ was 
compared to all the /k,g/ [ɑ] twister productions from that speaker.    
 
2.6.2 Distance Graphs Distance graphs were generated to show all twister target productions 
within each context (the same place of articulation and the same following vowel).  Figure 1 below shows 
the distance graph for p6 in the twister alveolar [æ] context to illustrate.  In these graphs, values are 
plotted on an x/y plane where the x-axis is the within categories distance and the y-axis is the between 
categories distance, measured in millimeters.  The graphs show standard deviation as dotted lines.  These 
indicate 2 standard deviations from the mean curve-to-curve distance either within or between categories.  
19 
 
Two standard deviations is defined as the value between which 95% of the data lie.  The horizontal line is 
2 standard deviations from the mean of all the productions as compared to the average production value 
of the opposite place of articulation and the same vowel context.  The vertical line is 2 standard deviations 
from the mean of all the productions as compared to the average production value of the same place of 
articulation and the same vowel context.   
 On the distance graphs, productions marked with small open circles were productions that were 
not heard in error during the transcription phase of analysis.  Productions that are marked by filled red 
circles represent productions that were heard as errors during transcription.  These productions are 
considered to be categorical errors.  The majority of the perceived errors should fall within the lower right 
quadrant of the graphs.  This quadrant represents more than 2 standard deviations away from a speaker’s 
typical production of the target and closer to that speaker’s typical production of the opposite category.  
Productions that fall outside of the two standard deviation range for their target, but are not plotted in red, 
are considered to be gradient errors.     
 
 
Figure 1 p6 twister [t/d] targets, [ae] context distance graph 
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3.0 Results 
3.1 Within Speaker Results 
3.1.1 Examination of Traces 
 
Figure 2. p6 perceived alveolars [ae] context traces                              Figure 3. p7 perceived velars [ae] context traces 
 
Figures 2 and 3 show two examples of the typical relationship between perception of the tongue 
twisters and how they were produced. Figure 1 shows productions made by p6 that were perceived as 
alveolar in the /æ/ context.   The red traces in this graph show perceived errors made on the /k, g/ twisters 
in the vowel context /æ/.  The traces in black are the /t, d/ twister productions in the /æ/ context that were 
not heard in error (in other words, these are tongue traces for sounds that were heard as /t, d/ regardless of 
the intended target).  The perceived errors from the /k, g/ context /æ/ twisters were overlaid with their 
non-error counterparts to determine the level of similarity between the productions.  The perceived 
alveolar graph shows that perceived errors from /k, g/ contexts are no different in posture from the 
alveolar target non-errors. This data from p6 does show, however, that there was some variation in the 
productions by p6. In particular, there is one perceived error and two non-errors where the tongue dorsum 
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was raised slightly compared to the majority of the alveolar productions. These appear to be gradient 
errors of intrusion similar to those observed by Pouplier & Goldstein (2005) where the production has 
distinct elements of both the intended target and the error-full opposite place of articulation.    
Figure 3 shows a similar pattern for productions from p7.  The red traces here show perceived 
errors that were produced in /t, d/ vowel context /æ/ productions.  The black traces are the intended /k, g/ 
twisters in vowel context /æ/ that were not heard in error.  Here, the perceived velar graph shows that 
perceived errors in /t, d/ context /æ/ productions were no different in articulation from velar target non-
errors.   
 Overall, visual analysis showed that each participant made at least one categorical error and at 
least one gradient error.  At least one extreme case of a gradient error was also observed (in p10) where 
both tongue dorsum raising (typical for /k, g/) and tongue tip raising (typical for /t, d/) appeared to result 
in closures at both places of articulation simultaneously. Both categorical errors and gradient errors were 
relatively rare, with a few observed for any particular target in any particular vowel context among 48 
productions of each target in each context. Data from each participant are examined in turn in section 3.2.        
 
3.1.2 Distance Graph Results  
Following the visual analysis of the trace graphs, the analysis of curve-to-curve distance is given 
with four graphs per speaker.  These graphs examine productions in the twister contexts using mean 
curve-to-curve distance for productions relative to the target place of articulation and relative to the error 
place of articulation.  The twister contexts are examined separately from the baseline productions due to 
coarticulatory differences between the tongue twisters that create systematic differences between the 
baseline and twister productions.   
The graph below on the left shows the distance graph for participant p7 in the twister context of 
/t, d/ [æ].  The productions that were not heard in error are plotted as open black circles while perceived 
errors, those termed categorical, are plotted as filled red circles.  The open black circles that cross the 2 
standard deviation lines can be considered clear gradient errors (significant deviations from the intended 
22 
 
articulation that are not heard as errors).  This graph shows p7 having produced five categorical errors.  
There is one clear gradient error and two other productions that are borderline.  Two more gradient errors 
lie on the 2 standard deviation lines and demonstrate how a speaker’s productions can shift towards the 
opposite category gradually.   
 
Figure 4. p7 twister [t/d] targets, [ae] context distance graph          Figure 5. p8 twister [t/d] targets, [ae] context distance graph 
 
In addition, the graph for p7 above shows that within category similarity for productions is 
generally small, while between category similarity (distance from typical productions of the error 
segment) can vary considerably.   
 Above on the right is the distance graph for participant p8 in the same twister context as p7 (/t,d/ 
[æ]).  This graph represents a speaker who had much less variability in productions. These graphs make a 
good comparison of a speaker who is variable in twister productions (p7) and a speaker who is highly 
stable (p8).  This difference in variation or stability between participants will be addressed in section 3.3.   
In addition to the distance graphs showing the expected trends for within and between contexts, 
some anomalies were noted.  Perceived errors were those that were heard to be different from their target. 
These errors were always articulatorily different from the target, falling beyond 2 standard deviations of 
the average within category distance.  However, these productions were not always closer to the opposite 
place of articulation by the distance measure.  Some errors had physical properties of both places of 
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articulation and thus appear far from both typical productions, but not necessarily closer to the opposite 
place.   This pattern of production explains errors that fall in the upper right hand quadrant of the distance 
graph.  Other errors could be accounted for by vowel errors.   
 
3.2. Within Speaker Qualitative Results  
3.2.1 Participant 6 
Figure 6. p6 alveolar target traces 
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Figure 7. p6 velar target traces 
 
Figure 6 shows productions by p6 of the targets for /t, d/ in [ɑ] then [æ] contexts.  The observed 
errors are representative of both categorical and gradient errors.   On the right, gradient errors are evident.  
In a handful, the tongue dorsum was raised as in a velar closure, some of which were perceived as errors 
and some were not.  However, for the gradient errors visible in the upper right graph, the tongue tip is 
also raised and makes the typical alveolar closure.  The result was an unaffected perception of the target.  
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The bottom right graph demonstrates a combination of error types in the same context.  Red productions 
were heard as velar closures, these are categorical errors.  They demonstrate a raised dorsum and retracted 
tongue tip aimed downward compared to the typical alveolar.  This graph also reveals gradient errors.  
The tongue dorsum is slightly raised in at least two productions, though not enough to create closure and 
a perceptible error.  
 
Figure 8 p6 Distance Graphs Twister Context 
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Figure 7 shows productions by p6 of /k, g/ targets in [ɑ] then [æ] contexts.  These graphs reveal 
some vowel errors that occurred (the consonants were unaffected).  In both graphs to the right, one or two 
productions were made with the opposite vowel, the mis-matched traces are typical of the opposite vowel 
context.  The bottom right graph displays two errors that can be termed categorical.  The red traces here 
show a lower dorsum and the tongue tips are raised.  Tongue tips for the typical velar production are 
pointed down, here the red traces are raised and point forward, which is typical of an alveolar production.  
In those two productions, the raised tongue tip produced closure at the alveolar ridge which resulted in 
listener perception of either a /t/ or /d/ instead of the target /k/ or /g/.   
 
In the distance graphs for p6, the /t, d/ [ɑ] context shows a cluster of productions in the target area 
that have a few productions trailing out to cross the two standard deviations boundary.  These productions 
that cross the lines can be defined articulatorily as gradient errors, as they fall 2 standard deviations away 
from the average production for that target but were not perceived in error.  Distribution of productions as 
measured by within category and between category distance reflects the trace graph for this context well.  
The graph of twister /t, d/ [æ], for example, shows a relatively tight cluster of productions that have more 
variability along the between categories measures than within categories.  Only two productions appear as 
gradient errors in this measure and two appear as categorical. These anomalous productions were 
observed on the trace graph and confirm that quantitative analysis using curve to curve distance provides 
a sensitive measure for detecting abnormal productions.  In the /t, d/ [æ] context the speaker produced two 
targets that resulted in perceived /k, g/ [æ] productions.  Their distance from the within categories average 
is much greater than the typical productions and their distance from the between categories is much 
smaller.  Applying curve-to-curve analysis reveals that the average amount of variability across baseline 
productions for p6 was 2.14 mm.  Their average variability in tongue twister productions was 1.87 mm 
(with both gradient and categorical errors excluded). Overall, p6 produced gradient errors in the twister 
context at a rate of 5.6% while their categorical errors in the twister context appeared at a rate of 2.1%.   
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3.2.2 Participant 7 
 
 
Figure 9 p7 alveolar target traces 
 
These graphs show productions from p7 for /t, d/ vowel context [ɑ] then [æ].  These productions 
are interesting because across baseline and twister graphs the speaker has a great deal of variability in 
articulatory posture compared to p6. Despite this variability, several distinctly erroneous articulations can 
be observed in the /t,d/ [æ] context with abnormal tongue dorsum raising and tip lowering.    
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Figure 10 p7 velar target traces 
 
For the velar /k, g/ productions in the [ɑ] context the errors exhibited in the top right graph and 
highlighted in red are categorical.  They have a visibly lower dorsum and a visibly raised tongue tip that is 
oriented forward instead of inferiorly.  The closure made by the raised tongue tips resulted in a perception 
of an alveolar sound rather than the velar target.  In examining the tongue tips in this same graph, there is 
evidence of gradient errors.  The tongue tips of a few other productions are visibly raised and resemble 
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the perceived errors.  Because the tongue dorsum height was not affected by this raising, the resulting 
sound was not heard in error.    
 
Figure 11 p7 Distance Graphs Twister Context 
 
The p7 distance graphs reflect variability in production visible in the traces.  In the /t, d/ context 
for both [ɑ] and [æ] shows quite a bit more within and between category variation compared to p6. The 
productions classified as gradient errors that shared attributes of both productions (e.g. a raised dorsum to 
make closure posteriorly and a raised tongue tip, more. indicative of an alveolar production) can be seen 
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in several cases where points lie in or near the upper right quadrant of the distance graph (higher distance 
from both the target and the error category).   This speaker’s variability in articulatory posture resulted in 
many productions that crossed the boundaries of within and between distances to result in gradient errors.   
P7 had the highest overall variation in baseline productions, 3.17 mm, and in twisters productions, 2.65 
mm (gradient and categorical errors excluded).  They produced the greatest rate of gradient errors of all 
the speakers in this study, 7.0%, and the second highest rate of categorical errors, 3.5%.     
 
3.2.3 Participant 8 
 
  
Figure 12 p8 alveolar target traces 
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Above are shown p8 productions of /t, d/ in vowels contexts [ɑ, æ].  P8 did not produce 
perceivable errors or visible gradient errors.  Interestingly, in the twister contexts (right) compared to the 
baseline contexts (left) there is more play in alveolar closure position in the twisters.  While each baseline 
demonstrates a very tight closure pattern, twister context closures for both vowels are more fanned out.    
 
Figure 13 p8 velar target traces 
 
P8 productions of /k, g/ context [æ] show both categorical and gradient errors.  The lower red 
trace is considered a categorical error.  The tongue dorsum is visibly lowered compared to typical 
productions in black.  The tongue tip is oriented more forward than is typical.  The trace with the higher 
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tongue dorsum is a gradient error.  The tongue dorsum is closer to a typical velar production, however the 
raised tongue tip and forward orientation exceed a typical velar.  At least one unperceived gradient error 
is displayed.   A visibly forward tongue tip, elevated compared to its neighbors, falls between the two 
perceived errors.  Compared to productions in baseline, p8 shows more spread in overall tongue position.   
  
 
Figure 14 p8 Distance Graphs Twister context 
P8’s distance graphs confirm the stability in articulatory posture suggested by traces.  Perceived 
errors (categorical) only appear in /k, g/ [æ] context.  Both perceived errors fall outside p8’s typical range 
for /k, g/ targets, but are not measurably nearer the opposite place of production.  While the listener 
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perceived these errors, at least one is actually gradient in nature (observable characteristics of both 
productions).    While each distance graph suggests at least one gradient error, this speaker displays the 
least variability among participants.  Average variation across baseline productions was 1.56 mm, and 
1.61 mm across twister productions (errors excluded).  P8 had the lowest rate of gradient errors, 4.0% and 
a very low rate of categorical errors, 1.0%.   
 
3.2.4 Participant 9 
 
 
 
Figure 15 p9 alveolar target traces 
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Here, the bottom right graph displays a categorical error that was perceived by the listeners.  It 
shows a visibly raised dorsum and the tongue tip is oriented inferiorly.  The same graph also exhibits a 
gradient error, there is one black trace that shows a visibly raised velum compared to the other 
productions.  This instance is not accompanied by a lowered tongue tip, so the closure was most likely 
produced at the alveolar ridge and no error was perceived.      
 
Figure 16 p9 velar target traces 
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The red trace in the bottom right graph for /k, g/ context [æ] is, articulatorily, a gradient error.  In 
this perceived error, the dorsum raised above the typical height for a baseline of an alveolar closure and 
there is also a raised tongue tip that does not fall into the typical velar location for this speaker.   
 
 
Figure 17 p9 Distance Graphs Twister Context 
 
Due to the large amount of variability in p9, the categorical error present in the /t, d/ [æ] twister 
context did not cross the between categories boundaries though it is significantly far from p9’s typical 
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target production.  While visually and quantitatively different from p9’s expected alveolar productions, it 
has a largely lower tongue dorsum when compared to typical velars.  Overall, p9 was highly variable 
baseline productions,2.48 mm and in twister productions, 2.35 mm.  P9’s gradient error rate was 5.4%, 
though they had the lowest rate of categorical errors, 0.9%.   
 
3.2.5 Participant 10 
 
Figure 18 p10 alveolar target traces 
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P10’s productions show a relatively narrow window of postures in baseline versus more spread in 
the twisters.  The baselines of /t, d/ in both [ɑ] and [æ] contexts show a tight concentration over most 
points of the traces.  Perceived errors (red traces) are categorical errors in production.  They show distinct 
dorsum raising and tongue tip retraction with inferior pointing, not typical of alveolar productions.  A 
number of gradient errors are displayed across both vowel contexts.  Dorsum height varies in these 
productions, while the tongue tip remains within the typical range for alveolar closure.  An error is not 
perceived since the tongue tip still creates closure and the tongue dorsum does not raise sufficiently.  
 
Figure 19 p10 velar target traces 
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Again, in these /k, g/ productions for p10, there is a concentration of tightly grouped traces in the 
baseline for both vowels.  While in both of the twister graphs to the right, there is visible spreading of the 
traces from the most typical of the velar productions to the perceived errors.  Shown by the red traces, 
these are typical of the alveolar closures they were perceived as.  In all of these red traces the tongue 
dorsum is visibly lower than in a typical velar production for this speaker and the tongue tips are oriented 
much more forward than the typical velar.   
 
Figure 20 p10 Distance Graphs Twister Context 
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Visual inspection of the traces suggested high numbers of gradient errors, however curve-to-
curve analysis revealed very few.  This is likely due to high average variability in twister context.  Since 
gradient errors are defined by a 2 standard deviation threshold, it is difficult to establish when many 
gradient errors present in the data. In baseline, p10’s variability was 2.19 mm, while twister variability 
was, on average, 2.59 mm.  The rates of gradient and categorical errors were both 4.3%.  In terms of 
gradient errors, this is a relatively low occurrence (range of 4.0 – 7.0% across the six participants).  
However, for categorical errors this was the highest rate of occurrence (range of 0.9 – 4.3%).   
 
3.2.6 Participant 11 
 
 
Figure 21 p11 alveolar target traces 
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The productions of p11 are another example of a small amount of variability in the baselines 
compared against the spread seen in the twisters.  The graph of /t, d/ context [ɑ] at the top right contains a 
categorical error, where the tongue dorsum is raised to the palate and the tongue tip is retracted and aims 
inferiorly instead of forward.  There is an apparent gradient error in this graph as well.  The tongue 
dorsum is raised, but not so much that it has moved the tongue tip out of the typical range for an alveolar 
closure and affected listener perception.   
 
Figure 22 p11 velar target traces 
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Above are the productions from p11 of /k, g/ contexts [ɑ, æ].  Visually, they trend toward more 
variability in twister productions versus tight clustering in baselines.  The graph of /k, g/ [æ] context 
shows three perceived errors.  They are categorical errors based on visibly lower tongue dorsum position 
and the elevated tongue tip.  A gradient error is also present, though it is difficult to see.  In this graph, the 
black traces show the tongue tip oriented downward for velar productions, however one trace projects 
forward.  It is an example of alveolar tongue tip raising intruding on an otherwise correct velar 
production.  In this instance, tongue tip raising did not affect listener perception of the target word.   
 
Figure 23 p11 Distance Graphs Twister Context 
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The relative variability of p11’s twister productions is evident in the distance plots.  Gradient 
errors suggested by the instability of the twister productions are shown in each context of the distance 
graphs.  For each context, at least one production crosses the within categories boundary for a typical 
production, indicating that the production shared characteristics of the opposite place of production while 
retaining some aspects appropriate to its own place.  While very few productions cross the between 
categories boundaries, those productions that do are perceived in error, and thus are categorical.  In 
baseline productions, the average variability was 2.31 mm, in twister productions variability was 2.65 mm 
with errors excluded.  P11 had the highest amount of variability in their twister productions among the 
speakers.  Their gradient errors appeared at a rate of 4.8% and categorical errors appeared at a rate of 
2.1%. 
 
3.3 Findings across Speakers 
The benefit of the distance measures is that they provide a means to quantify variability of a 
typical production and set a threshold for abnormal variation (in this case, 2 standard deviations from the 
mean was used).  The distance measures provide a means to sort an articulatorily gradient error from a 
typical production in a speaker.  The numbers given in Table 2 below gather the quantitative data given 
above for each speaker.  The first value is the stability of a speaker across baseline productions, identified 
as “BB_Stability”.  This value is the mean curve-to-curve distance within the same place and vowel 
context for baseline productions only. Note that no productions were perceived as target errors during the 
baseline part of the experiment.  The baseline stability is the mean of the mean distance values within 
category for all /t,d/ [a], /t,d/ [æ], /k,g/ [a], /k,g/ [æ] productions.   
 The second value is the stability of a speaker across twister productions, identified as 
“TB_Stability”.  This value is the mean curve-to-curve distance within the same place and vowel context 
for productions in the twister portion of the experiment.  As with the BB_Stability values, it is the mean 
of the mean values for each category.  It also excludes productions heard as errors. A 2 standard deviation 
threshold was computed excluding perceived errors. Productions that exceeded this 2 standard deviation 
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threshold were marked as gradient errors. A new 2 standard deviation threshold was then computed 
excluding gradient errors to establish an estimate of variability for typical productions in the twister task.     
 The errors this study has defined as “gradient” are represented by the third value in the table.  It is 
the rate of occurrence of productions that fall outside of 2 standard deviations of the mean for non-error 
productions in their production category.  It is identified as TG_Rate.  It is represented as a percentage 
showing the amount of items that fell more than 2 standard deviations from the mean as compared to the 
total number of productions for a speaker (with perceived errors excluded).    
 The classic “categorical” errors are represented by the fourth and final value on the table.  It is the 
rate of occurrence of productions that were heard in error within each place and vowel.  It is identified as 
TE_Rate.  These are represented as a percentage that is found using the number of these productions that 
were heard as errors and the total number of productions for a speaker.   
 
Table 2 Stability and Error Rate for each Participant 
 BB_Stability 
(mm) 
TB_Stability 
(mm) 
TG_Rate TE_Rate 
p6 2.14 1.87 5.6% 2.1% 
p7 3.17 2.26 7.0% 3.5% 
p8 1.56 1.61 4.0% 1.0% 
p9 2.48 2.35 5.4% 0.9% 
p10 2.19 2.59 4.3% 4.3% 
p11 2.31 2.65 4.8% 2.1% 
 
  
In the graph in Figure 24, there are 6 sets of data points that allow for comparison across the 
speakers in their production according to these four measures.  The graph has three axes. The x-axis is the 
value BB_Stability measured in millimeters.  Each of the other three values is plotted against 
BB_Stability for that speaker.  The right y-axis is a measure of distance in millimeters.  TB_Stability is 
plotted against this axis.  The left y-axis is percentages of error rates.  TG_Rate and TE_Rate are plotted 
against this axis.  Each speaker has three data points plotted against their stability in baseline productions.  
Data points for each speaker line up vertically to make each data set identifiable.  From left to right, plots 
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show p8, p6, p10, p11, p9, and p7.  This order reflects the baseline stability of the speakers from most 
stable (minimum distance between productions) to least stable (maximum distance between productions).    
 
 
Figure 24 Stability and Error Rate for each Participant 
 
3.4 Correlation/Significance  
 Correlation coefficients for TB_Stability, TE_Rate, and TG_Rate compared as to BB_Stability 
were computed.  For TB_Stability r = 0.49; for TE_Rate r = 0.44; and for TG_Rate r = 0.89.  Correlations 
are all positive and moderate to high, though statistical significance is difficult to determine based on so 
few speakers.  The highest positive correlation is between the baseline stability as compared to the 
percentage of errors that fell more than 2 standard deviations from the average production in the twister 
stimuli.  These are the articulatorily defined gradient errors.  This correlation suggests that speakers who 
are less stable in their baseline, non-error eliciting productions have more highly deviant articulatory 
variation in their tongue twister productions.    
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4.0 Discussion 
4.1 Place of Articulation Errors in Stops  
4.1.1 Errors from Perception and Visual Inspection For this experiment, each participant made 
at least one type of each error possible.  The errors occurred across all contexts and combinations of onset 
and vowels.  Participants showed evidence of categorical errors, where, for example, a typical looking, 
non-errorful /t/ was produced in the place of an intended /k/ or vice versa.  Participants also showed 
evidence of gradient errors that generally did not affect listener perceptions.  Gradient errors involve the 
gestures from the non-target phoneme appearing in the production of the intended phoneme.  In this type 
of error, an intended /t/ or /d/ might exhibit intrusion by a partial tongue dorsum raising that would be 
typical of /k/ or /g/.  In almost all of the productions that were not heard as errors, the intrusion of the 
gesture did not affect the closure occurring at the appropriate place.  The occurrences of intrusions across 
the errors analyzed in this report suggest that intrusion between phonemes is more common than total loss 
of gestures for the intended phoneme, consistent with findings in Pouplier and Goldstein (2005).  
Contrary to Stearns (2006) and Frisch (2007), intrusions were a relatively common error in the current 
data set.  In a few interesting cases across the speakers there were cases of fully double articulation.  
These are essentially extreme gradient errors where a closure occurs at each place of articulation, the 
intended and the intruding.    
 The types of perceived errors that occurred in the experiment are given in Table 3 based on their 
transcription. The errors that were perceived by listening appeared to be categorical production errors in 
almost all cases.  Visual inspection of the trace graphs revealed a few gradient errors scattered throughout 
the productions heard as errors.  Among gradient errors that were perceived as correct productions, there 
was often a spread of articulatory postures from the position for a typical production toward a perceived 
error that was articulatorily categorical in nature (i.e. the position was a typical one for the wrong 
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phoneme).  In some of the participants, such as p6 /t, d/ context [ɑ], there was a spread of gradient errors 
but no articulation resulted in perception of an error among the productions in the experiment.    
 
Table 3 Total number of possible perceived errors and their occurrence in the experiment pooled over participants. 
Shift Instances Shift Instances 
/k/ → /t/ 12 /k/ → /g/ 1 
/t/ → /k/ 3 /t/ → /d/ 1 
/g/ → /d/ 4 /d/ → /t/ 0 
/d/ → /g/ 8 /g/ → /k/ 0 
 
Table 4 shows the classification of the error productions based on visual inspection of the trace 
graphs. Target consonants are grouped by place (/t, d/ and /k, g/) and by vowel context.  Gradient errors 
appeared to be more common within [ɑ] context for both /t, d/ and /k, g/ productions.  Vowel context [æ] 
resulted in more errors that were considered categorical.  For /t, d/ targets there were a greater number of 
overall errors than /k, g/ (gradient and categorical together).  This follows the anti-frequency effect 
presented by Stemberger (1991) and also demonstrated by Pouplier & Goldstein (2005).  Although /t/ and 
/d/ have the higher frequencies of occurrence in English, they were more commonly influenced by /k/ or 
/g/ in this study. Together with the influence of the vowel context, it could be that control of the tongue 
dorsum for both vowel and consonant productions plays a role in how errors are generated. The tongue 
tip, used only for the alveolar consonants and not distinctly for the vowels, may behave differently. This 
difference in the behavior of articulators in tongue twisters warrants additional study.            
 
Table 4  Total number of observed Errors across Contexts from Visual Analysis of Traces pooled over participants. 
 /t, d/ [ɑ] /k, g/ [ɑ] 
Gradient  11 6 
Categorical  2 4 
 /t, d/ [æ] /k, g/ [æ] 
Gradient  8 2 
Categorical  8 9 
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4.1.2 Errors from a Measure of Coarticulation  Table 5 shows the summary of errors 
across all of the speakers based on the two standard deviation threshold in the distance graphs.  
Quantitative analysis with these graphs results in a large shift in the number of errors and how they are 
classified.  Compared to the number of gradient errors detected by visual inspection of the trace graphs, 
there are as many as ten times the number of gradient errors present in certain contexts than were detected 
visually on the trace graphs.  Defined quantitatively using distance to target and error productions, 
gradient errors are the most common type of error produced across all of the contexts.  The greatest 
number of overall errors across speakers appeared in the /k,g/ [æ] context.  This finding was contrary to 
the conclusions that can be drawn based on visual inspection of the trace graphs.  As discussed above, in 
the trace graphs the majority of errors (categorical and gradient) appeared on the /t,d/ targets, while the 
distance graphs reveal that there may be many more gradient errors.  When measured by articulatory 
distance, the anti-frequency effect in error production disappears, contradictory of Pouplier and Goldstein 
(2005), and more representative of the numbers found by Frisch and Wright (2002) in an acoustic analysis 
of speech errors.   
 
Table 5 Total number of observed Errors across Contexts Using Distance Threshold pooled over participants. 
 /t, d/ [ɑ] /k, g/ [ɑ] 
Gradient  15 20 
Categorical  2 5 
 /t, d/ [æ] /k, g/ [æ] 
Gradient  14 20 
Categorical  8 11 
 
 
By the quantitative error measure, the number of gradient errors is largely the same in all 
contexts.  Though the distance analysis confirms the higher numbers of categorical errors were found 
within both /t, d/ and /k,g/ for the vowel context [æ] found in visual inspection.   
 Differences in the number of categorical errors for each condition were not expected between the 
perceptual and quantitative analysis.  However, a few instances were observed.  In visual inspection of the 
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traces, three cases were considered to be extreme gradient errors due to their sharing prominent features 
of both places of production.  After analysis of the distance graphs, these cases of extreme gradients 
require further consideration.  One of these productions would be classified as categorical error based on 
its similarity to the error category.  Two other cases that were perceived as categorical errors in the 
distance graphs are not as clear. While they crossed the cutoff for similarity to the target category, they 
are likely best considered as extreme gradient errors as they were also not that similar to the error 
category.  
 
4.2 Speech Stability and Error Rate 
4.2.1 Stability Variation between Baselines and Twisters In the present study, it was observed 
that within a speaker, there was a difference in the degree of variability of errorless productions for 
baseline and twister data sets.  It might be expected that the twister portion of the task is inherently more 
difficult and thus speakers would have greater stability within the baseline portion compared to the twister 
portion.  However, Goldrick and Bloomstein (2006) observed speakers being more careful with their 
production in tongue twisters. There appears to be no consistent pattern across participants in the present 
study. 
Three participants showed a trend from a tightly grouped set of baseline productions to a more 
spread configuration for the twisters, as might be expected. Participants p8, p10, and p11 all presented 
more visible variation in the position of the tongue across different productions of the same phoneme 
during the twisters. This was opposed to their baseline productions that were all highly similar and tightly 
clustered.  Stability measures support this observation of spread in twisters compared to the baseline 
productions.  The differences between baseline and twister in p10 and p11, show discernable shifts of .40 
mm and .34 mm respectively in the direction of more variation in the twister productions.  It is interesting 
to note that although p8 appeared to have visible spread in twister productions in the trace graphs, the 
actual difference in stability from baseline to twisters was only .05 mm.  P8 would be an example of a 
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talker having high articulatory stability plus low error rate.  P8 was the overall most stable speaker in both 
measurement conditions.       
Participants p6, p7, and p9 showed a roughly equal amount of spreading and variability across 
their baselines and twisters based on visual inspection.  Based on quantitative measures, p6 and p9 were 
closer to being stable across both, their respective changes in stability trending towards more stability in 
twister productions.  In this, they show an average change of .27 mm for p6 and .13 mm for p9.  P7 was 
an average of .91mm more stable in twister productions than in baselines, a considerable difference.  In 
the trace graphs this is evident in the tighter clustering of /k, g/ productions in the twister contexts while 
the baselines were more spread out.  In a phonetic study of stop VOT in a tongue twister experiment, 
Goldrick and Blumstein (2006) observed that “tokens were produced more precisely within the tongue 
twister condition compared to that of the control condition” (p. 669).  Overall, this finding is not 
replicated in the present study, as the participants were split in becoming more stable or less stable 
between baseline and twister productions.  
 
4.2.2 Variation and Error Rates Though the productions of p6, p7, and p9 became more stable 
in the twister condition, their rates of gradient errors were still higher than participants with less stability 
in baseline.  This could be explained by the procedure for classifying errors, considering that increased 
stability would lead to a tighter configuration of traces, thus making the 2 standard deviation cut off a 
smaller range and more easily exceeded by an errorful production.  A speaker who is naturally more 
variable will have a wider range of acceptable “normal” productions in which an articulation can fall 
before being considered a gradient error.   
P9 for instance, produced a relatively high rate of gradient errors, those exceeding 2 standard 
deviations of the typical production, but rate of perceived errors for P9 was the lowest of all speakers 
included in this study.  When trace and distance graphs for p9 are examined together it is possible to see 
that this speaker is highly variable within himself and those errors counted as gradient barely exceeded 
the limitations for normal.  In speakers who are this variable, there is potentially more leeway for 
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productions to be perceived as normal.  This is potentially due to the individual speaker’s range for a 
normal production.  Alternatively, it could be some articulatory difference in the talker that allows for 
more variable production without affecting the perception.   
Returning to the productions of p7, we observe that p7 is a highly variable speaker whose 
increased stability in the twisters would be expected to result in fewer errorful productions, but instead 
appeared to increase them.   Like p9, the errors when observed on a distance graph are numerous, but 
barely exceed the two standard deviation cutoff.  In all, only 4 of the gradient errors produced by p7 
exceed the 2 standard deviations for both within and between categories measurement.  P7 also produced 
one of the highest rates of categorical (perceived) errors.  Unlike p9, when an error was perceived in p7, 
the posture of the tongue was exactly what was expected for the elicited error   
 The rate at which a speaker produces both gradient and categorical errors appears to be related to 
the individual stability of the speaker.  The most stable speaker, p8, produced fewer gradient and 
categorical errors than did the other speakers.  Returning to Dell’s Model of Spreading Activation (1986), 
this could indicate that p8 has a low amount of “noise” affecting activation levels during phonological 
encoding of an utterance.  This would result in more precision in the selection of articulatory targets and 
their realization.  Those speakers with lower stability of productions in either baseline or twisters 
produced an overall greater amount of gradient and categorical errors.  This suggests that there may be 
increased influence from “noise” in their production system.  The presence of increased “noise” would 
lead to greater variation in the realization of phonological targets and increased opportunities for an 
errorful production.     
 
4.3 Limitations and Future Directions 
4.3.1 Limitations A potential limitation to this study is that the data from the speakers comes 
from a relatively small set of speakers and was not size normalized.  This means that some of the 
difference in variability could be due to size of the individual speaker’s oral cavity as the amount of space 
they had in which to position their tongue for the production of these targets.  Other work in the field, 
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such as Zharkova et al. (2011; 2012), has avoided normalization when using similarity measures within 
and between categories as is done in the present study. Their study compared adults and children where 
significant size differences might be expected. Frisch, Maxfield, & Belmont (2016) used normalization in 
their measures of stability to accommodate gender differences between groups but reported that the 
statistical findings were not affected by size normalization. There is also no reason to expect that the 
perception of errors would be influenced by vocal tract size and so the correlation between stability and 
perceived error rate is unlikely to be the result of individual size differences. Therefore it could be 
reasonably assumed that normalization would not dramatically influence the results of the present study.     
 
4.3.2 Future Directions Future directions should consider stability and error rate trends in a 
larger population.  Studies of speech stability across the age span, as evidenced from previous work, 
would be beneficial to see if the same trends in articulatory variability as it relates to error rate present in 
adults are also present at the beginning of articulatory development and how they may change over the 
lifespan.  Additionally, this work could hold clinical significance in the identification and management 
planning of speech disorders.  While data are still limited to a small set of typical speakers, there is 
potential to establish a method of measuring the stability of speakers within a disordered population 
Stuttering as a clinical entity that relates to stability of speech is also of interest.  Frisch, 
Maxfield, & Belmont (2016) have found that at least a subset of stutterers exist who are markedly less 
stable than typically fluent peers on a measure of coarticulation.  Further investigation into the stability of 
such speakers may help to identify appropriate treatment goals or more specific diagnoses.   
The same could be said for speakers with fluent aphasias who exhibit phonemic paraphasias.  Analysis of 
their errors could yield an idea of stability or indicate possible implications for the speech production 
system.  Dell, Schwartz, Martin, Saffran, and Gagnon (1997) examined errors produced in this population 
in the context of a theory of language retrieval.  As suggested in the present study, “noise” in the language 
system of these speakers could introduce an element of variability into a speaker’s productions for which 
the result is an error.          
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 A further population where this might be considered is multiple sclerosis (MS).  In MS, the 
precision of consonant articulation is affected in nearly 50% of cases (Darley, Brown, & Goldstein, 1972; 
Hartelius, Runmaker, & Andersen, 2000).  Onset of symptoms vary on a nearly individual basis and in 
later stages perceptible articulatory breakdowns can be readily apparent (Darley et al., 1972).  Hartelius et 
al. (2000) state that data collection for speech characteristics in the study of MS is primarily based in 
perception.  Following this, a measure of speech stability and error production rate as they present in MS 
may be a reasonable future direction for the current work.  The use of a non-invasive, repeatable measure 
such as ultra-sound could yield a method of identifying the progression of speech deterioration in MS 
prior to perceptible changes.  The work presented in this study and others detail that there exist gradient 
errors that are not perceived by careful listening alone (Frisch & Wright, 2002; Pouplier & Goldstein, 
2005; Stearns 2006).  The present study finds a strong correlation between such errors and amount of 
individual variation in speech production.  There is potential for the development of a clinical screening 
protocol for those in the early stages of MS.  Ideally, to identify changes in articulatory stability before 
errors become perceptible and impact intelligibility.  The present work is not yet broad enough to be 
applied as such, but it has the potential to become beneficial in the investigation and management of 
speech disorders.   
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5.0 Conclusions 
 
In conclusion, this study expands upon the research into speech errors through ultrasound 
imagining of word onset velar and alveolar stop consonants.  Both categorical and gradient speech errors 
were observed in the tongue twister productions of six typical speakers.  A measures of coarticulation was 
applied to quantify speech errors and establish individual speaker stability.  This study noted that there 
were individual trends in speaker stability.  Overall, a positive correlation was observed between the 
production of gradient errors and reduced stability in a speaker’s baseline productions.  An explanation 
for a more variable system resulting in increased errorful productions under the Spreading Activation 
Theory proposed by Dell (1986) was suggested.  Future research should seek to replicate the observed 
patterns of individual stability with a larger set of participants.  Stability might also be investigated as a 
potential clinical tool in the investigation and management of various speech disorders.   
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